[1] Plasmaspheric ducts may execute Doppler oscillations driven by propagating ultralow frequency (ULF) waves. We examined about 100 such events recorded over 1 year under magnetically quiet conditions at L = 2.5 using artificially generated whistler-mode VLF signals and ground magnetometers. Joint peaks in the VLF Doppler and magnetometer spectra occurred at the frequency expected for ULF waves generated by the ion-cyclotron instability in the upstream solar wind. The VLF Doppler shifts are most likely due to radial motion of flux tubes of a few kilometers, driven by the east-west electric field of propagating ULF waves. When the frequencies match, the incoming wave energy also couples to standing poloidal and azimuthal field line oscillations, producing field line resonance signatures in both the D and H components on ground-based magnetometers. The phases of the VLF and ULF oscillations are consistent with ionospheric rotation of the downgoing ULF wave field. Since the scale size of VLF flux tubes is significantly smaller than for ULF flux tubes, VLF Doppler observations can provide more precise spatial information on ULF wave fields in the plasmasphere. Furthermore, it should be possible to use ULF oscillations to monitor the formation of quarter wavelength mode standing field line oscillations when the conjugate ionospheres have different conductivities.
Introduction
[2] This paper uses two independent ground-based techniques to examine properties of wave modes and flux tubes in the inner magnetosphere. In one technique the resonant frequency of ULF ($10 -100 mHz) waves is determined from the differences in phase and amplitude spectra between paired magnetometers [Menk et al., 1999 [Menk et al., , 2000 . The other technique involves analysis of artificially produced whistler-mode signals propagating along field-aligned ducts [Clilverd et al., 2000] . While the frequency of the transmitted VLF signal is quite precise, the frequency of the received signal is affected by changes in the phase path length arising from variations in refractive index within the duct or changes in path length. VLF Doppler perturbations in the ULF frequency range are due almost entirely to cross-L drifts of the whistler duct [Andrews, 1977] . Although ULF pulsations occur mostly during local daytime and the whistler-mode signals are most frequently observed at night, there is often overlap between observations, and we have chosen instrument locations so that both techniques are simultaneously examining the same flux tube near L = 2.5.
[3] Early work in this field was by Andrews [1977] . By monitoring an 18.6 kHz VLF transmitter located in Seattle from Wellington, New Zealand, he found that at nighttime plasmaspheric field-aligned ducts were influenced by ULF pulsations with 3 -8 min periods. Relatively large (about 500 mHz) Doppler shifts were recorded for the ducted VLF signals during these events. These were interpreted in terms of standing poloidal oscillations of the whistler duct equatorward of the field line resonance (FLR). The causative azimuthal electric field was estimated to be of order 1 mV/m at L $ 2.5 in the equatorial region of the magnetosphere. In later work, Andrews et al. [1979] compared the phase of VLF Doppler oscillations associated with FLRs recorded by a ground magnetometer and found support for 90°iono-spheric rotation of the downgoing ULF wave. However, both experiments were limited by the time and phase resolution between the VLF Doppler and magnetic observations and by the lack of colocated magnetic and VLF whistler data.
[4] A separate study of VLF Doppler pulsations in the Pc3 ($10-22 mHz) range during early evening conditions was reported by Yearby and Clilverd [1996] . Doppler variations with periods of about 50 s on signals from the Cutler, Maine, 24.0 kHz VLF transmitter were observed from the Antarctic Peninsula for about 1 hour. Several fieldaligned plasmaspheric ducts were observed to oscillate with slightly different phases, suggesting a technique for obtaining the direction of propagation for the wave driving these oscillations. However, no ground-based magnetometer data could be compared with these results as the nearby magnetometer was unable to resolve the <1 nT pulsation amplitudes that were presumably occurring at the time.
[5] In this paper we use a new experiment to perform a more detailed study of Doppler shift pulsations on the L = 2.5 flux tube using signals from the Cutler VLF transmitter recorded on the Antarctic Peninsula. VLF Doppler data were collected during 2001 between 0400 and 0800 LT (0800 -1200 UT), when Pc3 FLRs are most likely to occur. Magnetic pulsation data obtained from an array of colocated magnetometers and from the SAMNET-BGS array in the northern hemisphere provided detailed information on the field line resonance conditions. In this paper we focus on several well-defined pulsation events and compare the ULF resonance frequency with the oscillation frequencies observed in the VLF Doppler shift records. We find that the radial motions of the VLF flux tubes are most likely driven by compressional mode ULF waves propagating through the magnetosphere that also couple to standing toroidal and poloidal oscillations of geomagnetic field lines.
Experimental Details

Magnetometer Observations
[6] The primary magnetic data were obtained with an array of three low-powered magnetometers (LPMs) deployed and operated by the British Antarctic Survey since December 2000. To facilitate cross-phase measurements, the stations are closely spaced and span the Antarctic Peninsula from L = 2.3 to 2.8 (À48°to À51°CGM latitude, between 63°W and 68°W geographic longitude). These stations are represented in Figure 1 by labels M1 (L = 2.44), M2 (L = 2.57), and M3 (L = 2.74). An additional magnetometer at the Ukrainian Antarctic station Vernadsky (À50°CGM latitude; 64.0°W and 65.2°S geographic; L = 2.50) provided data from near the midpoint of LPM sites M1 and M2. A more detailed map and description of the magnetometer systems appears in the work of Clilverd et al. [2003] .
[7] Additional information on the variation of resonant frequency with latitude was obtained from the combined SAMNET and BGS magnetometer arrays, using data supplied by the University of Lancaster, UK. These provided 5 s measurements with <0.1 nT resolution from 13 magnetometer stations spanning 2.2 < L < 6.1 (66°to 48°CGM latitude, between 21°W and 27°E geographic longitude). The stations covering the same latitudes as the Antarctic magnetometers are shown in Figure 1 .
[8] Techniques for the detection of FLRs were summarized by Menk et al. [1999 Menk et al. [ , 2000 . For latitudinally separated magnetometers, the resonant frequency (and higher harmonics) approximately midway between two stations are identified by the simultaneous appearance of a peak in the H-component cross-power and cross-phase spectra, a unity crossing in the H-component power ratio spectrum, and a zero crossing in the power difference spectrum. Where only one station is available the resonance is indicated by a peak in the H/D power ratio spectrum and a rapid change in polarization, i.e., in the phase between the H and D components. Note that the cross-power (or cross-spectral density) does not remove the effect of the source spectrum [Baransky et al., 1995] and therefore cannot generally be used alone to identify the resonant frequency.
[9] The diurnal pattern of resonance behavior is most clearly seen with dynamic cross-phase spectra [e.g., Waters et al., 1991] . However, all resonance frequencies discussed in this paper were measured from discrete FFT cross-power, coherence, power difference, power ratio, and cross-phase spectra on selected days using time windows between 15 and 40 min long, the shorter windows being used under more active conditions. The same techniques were previously used by Menk et al. [1999 Menk et al. [ , 2000 , in particular for monitoring the plasmapause position [Menk et al., 2004] .
VLF Data
[10] Field-aligned ducts near L = 2.5 were monitored using artificial VLF whistler-mode signals recorded at Rothera in Antarctica (geographic 67.5°S, 68.1°W, L = 2.74; see Figure 1 ). Note that the M3 magnetometer is also at Rothera. The VLF Doppler experiment at Rothera receives ducted whistler-mode signals from the 24.0 kHz, 1 MW, U.S. Navy transmitter NAA, at Cutler, Maine (geographic 44.6°N, 67.3°W, L = 2.93, also shown in Figure 1 ). Narrowband receivers of the type described by Thomson [1981] are able to separate the whistler mode signals from the stronger subionospheric signal and measure the group delays (t g ), Doppler shifts, and arrival bearings of the whistler mode component. This allows equatorial electron number densities (N eq ), ionosphere/plasmasphere fluxes, and plasmaspheric electric fields to be estimated [e.g., Saxton and Smith, 1989; Clilverd et al., 2000] . However, in this paper we focus solely on Doppler perturbations associated with ULF waves.
[11] The method of determining the group delays, L shells, and propagation paths of the whistler mode signals was discussed in detail by Smith and Clilverd [1991] and Clilverd et al. [1991] . Briefly, the longitude of the VLF transmitter and the Doppler receiver are so similar that strong whistler-mode signals exit the ionosphere close to the Antarctic Peninsula LPM array. The whistler mode signals are processed by cross-correlating the plasmaspheric signal with the subionospheric signal, as discussed below.
Raw Data
[12] The Doppler receiver is essentially a stable reference oscillator and a set of phase sensitive detectors. In the standard system, data processing is done online in real time to yield 15-min averages of the whistler mode power as a function of group delay and Doppler shift. This time resolution is suitable for studying duct evolution, and the relatively low data rate means continuous operation is practical.
[13] The Rothera system also permits recording of the raw unprocessed outputs from the receiver. Owing to data storage limitations, operation in this mode is normally restricted to a few hours each day. These data have been processed offline using a method similar to that employed by Yearby and Clilverd [1996] to yield high-resolution measurements of amplitude and Doppler shift.
[14] The NAA signal (200 baud MSK) is received with an orthogonal pair of loop aerials aligned in the north-south (Hx) and east-west (Hy) directions. The signals are applied to in-phase and quadrature phase sensitive detectors operated with a reference frequency of 24.05 kHz phase-locked to the upper sideband of the NAA transmission. The outputs from the phase sensitive detectors are digitized to 12-bit precision at an 800 Hz sampling rate. The signals are then resampled in software at the center of each code symbol, giving a final sampling rate of 200 Hz.
[15] All subsequent processing is done offline. The first stage is similar to the standard Doppler receiver method (performed in parallel for both Hx and Hy). The received signal contains contributions from both subionospheric and whistler mode propagation. For each code symbol the most probable state of the transmitted signal is determined. This is done by assuming that the subionospheric component is much larger than the whistler mode. The amplitude of the subionospheric component is then estimated and subtracted from the total signal to leave the whistler mode plus noise. This is cross-correlated with the estimate of the transmitted signal, using 0 to 199 lags (each lag is 5 ms) and accumulated over 0.5 s intervals. The cross-correlation function (CCF) contains real and imaginary components which (in polar coordinate form) represent the amplitude and phase of the whistler mode signals as a function of group delay. [16] The most recent 64 CCFs (32 s worth) are stored in a circular buffer. The 64 values at each lag can be considered to be a complex time series. By Fourier transforming these values a spectrum is obtained representing the amplitude as a function of Doppler shift over the range À1 to +1 Hz. The magnitude of the spectrum is summed over both Hx and Hy components and over the group delay range of each duct. A weighted mean is then taken about the highest bin in the spectrum to determine the Doppler shift. In the data presented here the Doppler shift determination was performed every 5 s.
[17] It is also possible to calculate the azimuth of arrival and polarization using the relative magnitude and phase of the Hx and Hy components. However, these values must be treated with caution as significant errors can occur due to interference between multiple propagation paths from the duct exit point to the receiver [Yearby and Smith, 1994; Strangeways, 1980] .
Results
Case Study: 24 August 2001
[18] We have examined many instances over several months where ULF pulsations and VLF Doppler oscillations with similar frequency occurred jointly on the same flux tube. Here we examine in detail one representative example, recorded on 24 August 2001. Magnetically, this was one of the quietest days of the month, with SKp = 5.3 for the day.
[19] The VLF signal amplitude over 1000 -1200 UT (approximately 0600 -0800 LT) is presented in the top panel of Figure 2 . This relates to propagation along a field-aligned VLF duct near L = 2.5, whose notional footprint is represented by the cross in Figure 1 . The group delay time for propagation along this duct is around 560 -610 ms. The amplitude scale shown in Figure 2 is in dB relative to a reference voltage. Accurate Doppler shift values require relatively high signal amplitudes, typically above 50 dB, which is the case during most of this interval.
[20] The Doppler shift of this ducted VLF signal is presented in the middle panel of Figure 2 . Two features are of interest here. First, the Doppler shift is offset from zero by about À300 mHz. This is typical for this time of day and is due to refilling effects from the underlying ionosphere. Second, quasi-sinusoidal variations with amplitude sometimes exceeding ±200 mHz, and period about 50 s, are superimposed upon the background trend. These Doppler shift oscillations are most significant between 1030 and 1130 UT (0630-0730 LT) and are primarily caused by radial motion of the propagation path, i.e., cross-L movements of the flux tube, with amplitude of around 1 km. Following Yearby and Clilverd [1996] , we may expect these oscillations to be associated with complementary pulsations in magnetometer data. Note that when the VLF signal amplitude is low, before 1015 UT and after 1130 UT, the Doppler shift record is contaminated by noise.
[21] Time series data from the Vernadsky magnetometer H component, nearest in latitude to the duct footprint ( [23] Several peaks occur in the magnetometer spectra. The largest peak in the York H-component (solid line) is near 21 mHz with a secondary peak at 15 mHz, while at Vernadsky there are additional peaks near 25 and 33 mHz. Power in the D-component (dotted line) is lower at both York and Vernadsky, with the same peaks present at York as in H but with no clearly dominant peaks at Vernadsky. The VLF Doppler shift spectrum (bottom panel) shows a large peak at 21 mHz and a secondary peak at 25 mHz, with a smaller third peak near 15 mHz. Exactly the same frequency peaks occur in the high latitude (Hella) magnetometer spectrum. Varying the start and end times of the spectra by a few minutes slightly changes the relative amplitudes but not the essential features. These results are summarized in the first six columns of Table 1 .
[24] Inspection of spectra from the other SAMNET-BGS and IMAGE magnetometer stations, not presented here, shows common peaks at several frequencies across the entire array. These fixed frequency signals are near 15, 21, and 25 mHz, and are represented in Figure 3a by vertical dashed lines. Similar observations of fixed frequency peaks were discussed by Menk et al. [1999 Menk et al. [ , 2000 . For this event there is also a latitude-dependent peak at each station, associated with the local FLR and discussed below.
[25] A key issue in analyzing these data is whether the observed ULF pulsations are due to FLRs or forced oscillations driven by external waves. Figure 3b shows results of cross-phase analysis for this interval for the YorkEskdalemuir SAMNET-BGS magnetometer pair, with midpoint near L = 2.66. Whole-day color cross-phase spectra for L = 2.40, 2.67, 2.93, and 3.36 can be found in the auxiliary material 1 . The local resonance frequency is simultaneously identified by a dip in coherence, a peak in crosspower, a change in sign of the power difference, the power ratio decreasing below 1.0, and a peak in the cross-phase. This is around 19 mHz for the York-Eskdalemuir pair, identified in Figure 3b by the vertical dashed line, while at the same time the Hartland-York station pair (L = 2.38; not shown here) exhibited a field line resonance around 25 mHz. These results suggest that at L = 2.5 at SAMNET longitudes the FLR is probably around f R = 21 mHz. From a similar analysis the resonant frequency for the Vernadsky-M3 pair (L = 2.63) is also found to be near 21 mHz. This coincides with the position of the largest peak in the VLF Doppler spectrum at a similar L value.
[26] FLR harmonics are identified by further changes in sign of the power difference spectrum and further crossphase peaks. Examination of other spectra not shown here suggests that the second harmonic frequency is around f 2R = 45 mHz. This coincides with a small peak in the power spectra in Figure 3a . Harmonic frequencies are not integer multiples when the plasma contains heavy ions [e.g., Poulter et al., 1990; Vellante et al., 1993] . These frequencies are listed in Table 1 .
[27] These results show that the VLF Doppler oscillation at 21 mHz is connected with standing resonant oscillations of the local magnetic field line. However, since a spectral peak occurs at the same frequency at other stations, this L = 2.5 FLR must be driven by a fixed frequency signal propagating through the magnetosphere. The additional peaks in cross-power evident in Figure 3b near 15 and 21 mHz are not connected with the local FLR and also (Le) are the expected frequencies of waves generated in the upstream solar wind (see text). Spectral peaks are listed in order of relative power, all frequencies are in mHz, and resonant frequencies in brackets indicate second harmonics. coincide with peaks at the same frequencies in the VLF Doppler spectrum and at other magnetometer stations. All the Doppler oscillations are thus probably excited by fixed frequency wave modes in the magnetosphere. Finally, we note that the resonant frequency and power spectra are not markedly different between the L = 2.5 SAMNET-BGS array stations and the Antarctic magnetometers/VLF receiver site despite the nearly 4 hour separation in local time. This arises because there is no marked diurnal variation in resonant frequency at these stations on this day, as seen in the dynamic spectra.
[28] Figure 3c is a similar spectrum to Figure 3b but using the magnetometer D components. This is discussed in detail in section 4.2.
[29] Further information on the variation in resonant frequency with latitude is given in Figure 4 . The local fundamental resonance frequency was determined over the range L = 2.2 -6.1 from a similar analysis of data as described for Figure 3b for all SAMNET-BGS stations for this interval on this day. The resonant frequency decreased from 28 mHz to 7 mHz between L = 2.2 and L = 4.3, then increased again across the plasmapause. The indicated plasmapause position is only approximate, for the reasons discussed by Menk et al. [2004] but is not important here. The resonant frequency identified for each station matches the respective latitude-dependent spectral peak mentioned above. The L-shell of the duct under study is indicated in Figure 4 by the vertical dashed line and the expected resonance frequency around 21-22 mHz is consistent with the 21 mHz signal observed in the Doppler shift data. Horizontal dashed lines represent the latitude-independent fixed frequency signals seen in the magnetometer spectra. These are the same frequencies seen in the Doppler shift spectrum.
[30] It is interesting to examine the phase relationship between the ground-based magnetic and VLF Doppler oscillations. This is illustrated in Figure 5a , which presents cross-power and cross-phase spectra between the magnetic pulsations at Vernadsky and the VLF Doppler signal, over 1105 -1130 UT on this day. All panels are in the same format as Figure 3b . The phase difference between the VLF Doppler and Vernadsky H component (top panel) is clearly around 170-180°over the frequencies of interest ($15-21 mHz). The coherence is high over this range and also near the second harmonic frequency (42 -45 mHz). For the VLF and Vernadsky D components, shown in the second panel, the coherence is lower, due to the low power in the magnetic D component, and the cross-phase is therefore noisier. However, the phase difference is near 90°at the frequency of interest, 20 mHz. Similar results are presented in Figure 5b for 10 June and are discussed later.
Further Examples
[31] Two further examples of simultaneous VLF Doppler shift and magnetometer spectra are shown in Figure 6 Figure 3a . These examples are representative of many events. Properties of these events, and three others not discussed here, are summarized in Table 1 .
[32] In Figure 6 the main spectral peak for the Vernadsky H and Doppler shift data is at 27 mHz, with secondary The fundamental FLR is represented in Figure 6 by a vertical dashed line. These results show that some of the most prominent peaks in the Doppler and magnetometer spectra (27 and 32 mHz) are not connected with the local field line resonance.
[33] In Figure 7 significant spectral peaks appear in the Doppler data near 17 mHz and 34 mHz, with a third peak at 25 mHz. There are several spectral peaks in the Vernadsky H component, including at 14, 17, 34, and 40 mHz, and in the D component. At Hartland (L = 2.24) again there are several peaks in the H-component magnetometer data, most notably near 17 and 34 mHz. Analysis of the Doppler data suggests that the duct path is at L = 2.2. Cross-phase analysis of the magnetometer spectra from York and Hartland and the Antarctic LPMs, not presented here, indicates that the FLR frequency is f R % 24 mHz at L = 2.40 (vertical dashed line), with the second harmonic f 2R % 54 mHz. This again suggests that some of the main spectral peaks in the VLF Doppler shift data are likely to be driven oscillations rather than FLRs.
Discussion
[34] This paper has described features of joint ULF pulsations and VLF Doppler oscillations recorded simultaneously by VLF receivers and magnetometers. In 1 year of data we found about 100 such intervals, in which the magnetic and Doppler pulsations may each last for several hours. The representative examples presented here all occurred under nondisturbed magnetospheric, solar wind, and IMF conditions. 
MENK ET AL.: PLASMASPHERIC DOPPLER PULSATIONS
[35] Obviously these are not rare or isolated phenomena, at least at the latitudes we examined. However, the joint detection of VLF and ULF oscillations is limited to local times when both VLF signals (essentially nighttime phenomena) and ULF pulsations (daytime) are simultaneously observed and to relatively large-amplitude Doppler signals. It is therefore likely that the wave processes we are observing occur more frequently than we can detect.
[36] Table 1 shows that peaks in VLF Doppler spectra often but not always coincide with similar frequency peaks in the magnetometer spectra. However, the magnetometer spectra often display additional peaks or different frequency peaks in the H and D components. One of the more prominent spectral peaks usually relates to the local toroidal mode eigenfrequency, identified as a driven mode within the FLR continuum that can be detected across a range of latitudes. Spectral peaks at other frequencies (apart from resonance harmonics) most likely relate to nonresonant driven modes.
[37] Previous studies of VLF Doppler shifts observed at low latitudes [e.g., Smith, 1989, 1991 , and references therein] have discussed several causative mechanisms. These include (1) radial E Â B flux tube drifts driven by the magnetospheric dawn-to-dusk electric field penetrating to low L shells, particularly under disturbed conditions, (2) radial drifts under the influence of the dynamo electric field, and (3) changes in the electron content within the flux tube due to plasma fluxes between the plasmasphere and ionosphere. Concerning mechanism 1, Balmforth et al. [1994] found that E Â B drifts can account for about 90% of the observed density variations near L = 2.5 at moderately disturbed times. The dynamo field invoked in mechanism 2 is produced by ionospheric winds moving conducting plasma through the geomagnetic field. These winds are driven by solar heating of the thermosphere, upward propagating atmospheric waves such as semidiurnal tides, and the J Â B force and Joule heating due to electric currents. The dynamo field is generally eastward in the morning sector and westward in the evening, with a similar phase to the magnetospheric dawn-todusk field [Rash et al., 1986] .
[38] Since our observations are for magnetically quiet conditions and oscillations with periods <100 s, the observed Doppler shifts cannot be explained by any of the above mechanisms.
[39] The most likely interpretation of the observations presented in this paper is that the east-west electric field of incoming waves with a strong compressional component (for example, waves of solar wind origin) propagating through the equatorial magnetosphere [e.g., Takahashi et al., 1994 ] drives radial (cross-L) motion of flux tube plasma. This leads to the VLF Doppler oscillations. Ground magnetometers may simultaneously register the signature of forced poloidal field line oscillations. When the frequency of the incoming waves matches the local field line eigenfrequency, standing poloidal resonances of the VLF duct and the geomagnetic field lines are established. Owing to inhomogeneity in the magnetosphere, part of the compressional wave energy mode converts to field-aligned (Alfvénic) waves and standing azimuthal (toroidal) eigenoscillations. Because of ionospheric rotation, poloidal magnetic perturbations in space relate to the magnetic D component on the ground, and azimuthal standing oscillations to the ground H component. At frequencies away from the local resonance the incoming largely fast mode waves result in fixed frequency peaks in ground magnetometer spectra. [40] We now outline how the above interpretation is consistent with the likely source region, observed spectral properties, mode structure, and phase of these waves.
Wave Source
[41] It is widely accepted that at least some magnetospheric ULF waves are generated in the upstream solar wind by ion-cyclotron resonance with backstreaming ions [e.g., Troitskaya et al., 1971; Odera and Stuart, 1985; Verö et al., 1998 ]. The frequency of these waves, f, depends on the magnitude of the upstream interplanetary magnetic field, B IMF , and the orientation of the IMF cone angle, q xB . The relationships between f, B IMF , and q xB have been obtained theoretically by Takahashi et al. [1984] :
and empirically by Le and Russell [1996] :
[42] These expressions were used to determine the expected wave frequency for each event listed in Table 1 , where f SW(Tak) and f SW(Le) denote the above Takahashi et al. [1984] and Le and Russell [1996] approaches, respectively. The solar wind data came from the ACE spacecraft approximately 1 hour upstream, corrected for the propagation lag to the magnetosphere without making any assumption about how far upstream ion-cyclotron generation may take place. This will not be a problem unless the solar wind or IMF changed significantly over the timescale of interest; these instances are denoted in Table 1 by frequencies that range between two values.
[43] Inspection of Table 1 shows that the Takahashi et al. [1984] frequency predicted using equation (1) exactly matches the frequency of the dominant spectral peak observed in the Doppler and magnetometer data for the 24 August, 18 July, and 10 June events. For the 10 August and 4 June events the observed frequency falls within the predicted range. For the 14 July event the predicted frequency corresponds to the second harmonic of the local FLR but not the main Doppler peak. Frequencies obtained using equation (2) do not fit the observations as well for any event.
[44] We therefore conclude that the joint VLF/ULF events detected deep in the magnetosphere are probably driven by incoming largely compressional mode waves generated by the ion cyclotron instability in the upstream solar wind. This does not explain the other various discrete frequencies often seen simultaneously across a range of latitudes. At least some of these may be due to magnetospheric cavity modes [e.g., Menk et al., 2000, and references therein].
Wave Spectra
[45] Table 1 shows that the dominant peaks in VLF Doppler spectra usually matched similar peaks in the magnetometer spectra, one of these often but not always being the local fundamental mode resonance frequency, f R . We therefore conclude that the incoming waves that cause the radial flux tube oscillations (and hence the Doppler shifts) in many but not all cases also mode convert to the shear Alfvén mode and thus excite discrete azimuthal field line resonances.
[46] The cross-phase FLR detection techniques outlined in section 2.1 identify the local toroidal mode FLR, such as between the York and Eskdalemuir H components in Figure 3b . No D-component cross-phase signature is expected for such oscillations. However, this is not the case here. For example, Figure 3c shows a D-component crossphase signature similar to that for the H-component between York and Eskdalemuir at the same time as shown in Figure 3b . The cross-phase peak is smaller for the D components but was present for several hours on this day and at the same frequency as the H-component resonance signature, the Doppler oscillation and the incoming fast mode wave. The D component signal is quite prominent in whole-day dynamic cross-phase spectra. These color spectra can be found in the auxiliary material. No D-component cross-phase signature was prominent at other latitudes at this time. We therefore conclude that ULF field line oscillations associated with VLF Doppler oscillations are not purely azimuthally polarized but also contain a strong poloidal component. The observation of cross-phase D component resonance signatures is a new effect not reported previously.
[47] The eigenperiod of fundamental mode guided poloidal field line oscillations is about 37% higher than for toroidal oscillations [Orr, 1984] , although the second harmonic eigenfrequencies are very similar. The frequency of coupled modes such as seen here will be somewhere between the toroidal and poloidal values. The guided poloidal mode arises for a disturbance that is localized in longitude and therefore may have high wave number m. Such waves may be largely screened from the ground by the ionosphere [Hughes and Southwood, 1976] . We would therefore expect instances where the ULF waves accompanying VLF Doppler oscillations are not detected on the ground. This may be the case for the two main peaks for the 10 June event listed in Table 1 .
[48] A spacecraft survey of poloidal field line oscillations was described by Takahashi and Anderson [1992] . They observed third-harmonic poloidal oscillations at f ' 26 mHz across ±3 hours around local noon in two regions in the magnetotrough at L ' 6.0-6.5 and inside the plasmapause (L ' 3.5-4.0). Recently, Ponomarenko et al. [2005] found that poloidal mode resonances and harmonics in the 20-30 mHz range are often observed around L = 5 in data from the TIGER SuperDARN radar. The resonances are most likely stimulated by compressional mode waves generated in the upstream solar wind. Our own observations of 20-30 mHz poloidal flux tube oscillations at lower latitudes thus seem reasonable in the context of this other work.
Wave Modes and Phases
[49] The observed frequency relationships between the Doppler and ground-based magnetic oscillations provide information on the magnetospheric wave modes. These are summarized in Table 2 . Fundamental toroidal (i.e., azimuthal) standing field line oscillations exhibit an electric field antinode at the equatorial plane, and VLF Doppler oscillations generated by such field line oscillations will be at double the ULF wave frequency. This is because the path length along a field line increases as the field line moves A07205 MENK ET AL.: PLASMASPHERIC DOPPLER PULSATIONS both eastward and westward away from its equilibrium position. However, Doppler shifts due to such azimuthal flux tube motions are about two orders of magnitude smaller than for radial motions of comparable displacement [Andrews, 1977] .
[50] Fundamental mode poloidal (i.e., radial) standing field line oscillations have an electric field node near the equatorial plane. The associated Doppler oscillations will be at the same frequency for the fundamental mode but at double the ULF frequency for the second harmonic [Andrews, 1977] .
[51] We now consider the observations summarized in Table 1 . For all but one event (10 June) the principal peaks in the Doppler and magnetometer spectra occurred at the same frequency. Usually, the local resonance frequency coincided with one of these peaks. This confirms our view that the incoming waves drive fundamental poloidal flux tube oscillations, with some energy being mode converted to shear Alfvén mode eigenoscillations when the frequencies match.
[52] For the 10 June event the main Doppler shift peak occurred at the same frequency expected for waves generated in the upstream solar wind but did not match either of the principal spectral peaks from the ground-based magnetometers. However, significant VLF Doppler peaks occurred near double the frequency of the second harmonic of the local FLR. According to Table 2 this frequency relationship corresponds to second harmonic toroidal or poloidal mode oscillations. Since toroidal mode Doppler shifts are extremely small, we conclude that the Doppler oscillation is a second harmonic poloidal mode that is shielded from the ground magnetometers. This may also be the case for the 24 August and 18 July events listed in Table 1 .
[53] We now examine the phase information presented in Figure 5 . On both days shown, the VLF Doppler oscillations and the D component pulsations recorded by the colocated magnetometer were 90°out of phase. For the 24 August event this was at the local field line eigenfrequency (vertical dashed line), while for the 10 June event the main joint VLF/ULF oscillations were around 29 mHz, well above the local resonance frequency of 22 mHz. Taking ionospheric rotation into account, the magnetic D component on the ground relates to the north-south (radial) magnetic component in the magnetosphere and hence should be 90°out of phase with the Doppler oscillation [Andrews, 1977; Andrews et al., 1979] which is driven by the east-west (azimuthal) electric field of the incoming fast mode wave. This phase relationship is what is seen in the data. Figure 5 also shows that on both days the Doppler oscillations were nearly 180°out of phase with the magnetic H component on the ground. This relates to azimuthal magnetic oscillations in the magnetosphere and the incoming wave electric field, again as expected.
[54] Finally, we note that since the VLF Doppler oscillations are driven by incoming waves at particular frequencies they do not necessarily match the FLR frequency at our L shell. This is the case for the 18 July, 10 August, and 10 June events. We have also seen that for the 24 August event the Doppler oscillations are at frequencies that produce common spectral peaks in magnetometers far apart in latitude.
[55] An alternative model of how Pc3 -4 pulsations arrive on the ground at very low latitudes has been proposed by Tanaka et al. [2004, and references therein] . In this model upstream waves result in compressional waves in the magnetosphere that couple to Alfvén waves carrying the electric field to the high and midlatitude ionospheres, generating large-scale current oscillations there. These propagate at light speed to equatorial latitudes by the zeroth-order TM mode in the Earth-ionosphere waveguide, causing zonal ionospheric currents in the Pc3 range. It is not clear how such penetration electric fields can produce radial oscillations of VLF Doppler ducts at the L shells and of the magnitude observed here. Further work is required to establish the importance of this mechanism for joint VLF oscillations and FLRs recorded at our latitudes.
Electric Fields
[56] The ULF wave azimuthal electric field in the equatorial plane can be estimated from the magnitude of the Doppler oscillations. Taking Df = 400 mHz for the 24 August event (middle panel of Figure 2 ) and using equation (5) from Andrews [1977] gives E eastward = 0.9 mV/m. The maximum radial displacement of the flux tube is then 3.6 km, and the northward magnetic field in the equatorial plane, b N , is of order 0.8 -1 nT. This is similar to db on the ground, as shown in Figure 2 . Similar values are obtained for other events.
Conclusions
[57] This paper has described features of Doppler oscillations of VLF ducts and ULF pulsations recorded simultaneously near L = 2.5 by VLF receivers and magnetometers. We found about 100 such intervals in 1 year of data, all at magnetically quiet times, and lasting up to several hours each. Peaks in the Doppler spectra matched the frequency expected for waves generated by the ion-cyclotron instability in the upstream solar wind and similar frequency peaks in the magnetometer spectra.
[58] A plausible interpretation of these VLF Doppler shifts is that the east-west electric field of incoming waves with a strong compressional component, propagating through the equatorial magnetosphere, drives radial motion of flux tubes. When the frequencies match, compressional mode wave energy may also be coupled to standing poloidal oscillations of the flux tubes and field lines. Energy is also coupled to azimuthal field line oscillations. These produce FLR signatures in the H and D components on ground based magnetometers. This is a new effect not reported previously.
[59] Since guided poloidal modes may be spatially localized they may be shielded from ground magnetometers. Furthermore, since joint Doppler/magnetic oscillations can only be detected when large amplitude VLF signals are received, and mostly during early morning hours, it is likely that such poloidal mode flux tube oscillations are quite common.
[60] The magnetic H (D) components are 180 (90)°out of phase with the Doppler oscillations. Taking into account ionospheric rotation of the ULF wave field, this relates to the incoming fast mode wave field.
[61] Two further points are noteworthy. First, VLF flux tubes have scale size of order 0.05 R E in the equatorial plane, while ULF FLRs map to a radial extent of order 0.15 R E [Menk et al., 1999] . Therefore VLF Doppler observations can provide more precise spatial information on ULF wave fields in the plasmasphere than can be obtained from ground-based measurements. Second, during winter or summer the conjugate ionospheres will have very different conductivities. This arises because of the high geographic latitude of the L = 2.5 flux tube at Rothera (see Figure 1) and should allow the formation of quarter wavelength mode standing field line oscillations [Allan, 1983] . The position of the electric and magnetic field nodes and antinodes will correspondingly move off the equatorial plane. Both of the above are interesting avenues for future work.
